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1．Introduction
Before Fukushima Dai-ichi nuclear power plant accident caused by the Great East Japan Earthquake on March 11, 2011, 
an earthquake of magnitude 9.0, nuclear power played an important role in the world's electricity generation. However, 
people have been holding controversial attitude to the use of nuclear energy since its initial application. The proponents 
argue that nuclear power is sustainable and it reduces CO2 emissions effectively, while the opponents consider it a threat 
to people's health and the environment. As shown in figure 1, the thermal electricity generation of Japan in 2011 increases 
strikingly to 72.30% of total electricity generation and the nuclear power shares only 18.79% due to some of the nuclear 
plants are shut down. Now it is a challenge for Japan to achieve the previous CO2 emission reduction targets relying 
heavily on nuclear power (METI, 2010). 
Possible pathways are currently under discussion by researchers and policy makers, whether to reduce the dependence 
on nuclear gradually in near future, like Germany, or to continue to rely on nuclear power because of its relatively high 
efficiency of reducing CO2, like UK and France. Recently some authors have focused on nuclear use and CO2 emissions in 
CONTENTS
1．Introduction
2．Modeling
3．Results and Discussion
4．Conclusions
Keywords:  CO2 emission, Nuclear, CCS, Renewable energy, Fukushima
ARTICLE
Study on Reducing Nuclear Dependence in Post-Fukushima Japan
SU Xuanming, ZHOU Weisheng, NAKAGAMI Ken’ichi
Figure 1: Electricity generation of Japan in 2011
Source: Ministry of Economy, Trade and Industry, Power Statistics 2011.
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post-Fukushima Japan. Duffield and Woodall (2011) find that achievement of many of the targets is likely to be quite 
challenging even before the March 2011 earthquake. Zhang et al. (2012a) show that it is very difficult to remove nuclear 
power absolutely from the electricity system even though high level penetration of renewable energy is realized. The 
obtained results of Zhang et al. (2012b) also show that removing nuclear power entirely is not suggested from economic, 
environmental and energy security perspectives. Vivoda (2012) suggests that removing all the nuclear power is not 
possible without inflicting serious harm to Japan's already vulnerable economy according to the analysis of Japan's energy 
security predicament. Mori (2012) finds that the potential cost of nuclear power limitation under global warming 
mitigation in Japan is estimated to be significantly high while the GDP loss from reference scenario is relatively low. 
Huenteler et al. (2012) liken the transition for the diffusion of renewable energy in Japan to the transition in Germany in 
the last decade and argue that some of the lessons learned in Germany might prove valuable for the steps Japan considers 
taking. 
Inspired by the previous studies, this study will assess the climate change mitigation options for Japan and it not only 
illuminates the significance of possible nuclear alternative energy sources, but also determines the effects of different CO2 
emission reduction options such as energy saving, the diffusion of renewable energy, the introduction of CCS. This study 
based on the G-CEEP model (Su et al., 2010, 2012b), simulates several different energy consumption scenarios considering 
different degrees of impact by the Fukushima Dai-ichi nuclear power plant accident and different energy consumption 
backgrounds. The marginal abatement cost and relative impact on GDP for each scenario are also discussed, and therefore 
it explains that which CO2 emission reduction level can be achieved at what cost, and where policy should be directed for 
Japan.
The paper is organized as follows. After the introduction, the second section explores G-CEEP model framework and its 
modeling methodologies. The third section discusses several scenarios including reference scenarios and additional 
scenarios with limited utilization of nuclear power. Finally, this study concludes with energy policy implications and 
possible climate change mitigation roadmaps for Japan.
2．Modeling
2.1. Model framework
G-CEEP model is a large scale non-linear integrated planning model used for low-carbon economy analysis among 
Japan, China and Korea, with 5-years per period from 2010 to 2050. The model mainly consists of three sub-models: 
macro-economic sub-model, energy balance sub-model and environmental sub-model. The production output in macro-
economic sub-model is indicated as the sum of consumption, investment and energy system cost. The investment is 
determined by the initial investment and the annual growth rate. The relationship of the production output, capital stock, 
population, electricity and non-electricity are expressed by a two-level CES production function (Su et al., 2012a). The key 
constraints in the energy balance sub-model are the energy system cost constraint and energy supply and demand 
balance. Also, the depletion of fossil fuels, such as coal, oil and natural gas, and the annual available renewable energy are 
considered as strictly constraints. The environmental sub-model is to calculate the energy relative emissions according to 
the emission factors under specific scenarios. Details are shown in figure 2.
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2.2. Methodologies
2.2.1. Macro-economic formulation
(1) Two-level CES production function 
Currently, most macro-economic models with respect to energy or energy models with macro-economic description are 
based on the two-level CES production function. The GREEN model (Burniaux et al., 1991) nests capital and energy with 
a low elasticity of substitution, and this aggregation is combined with labor by a higher elasticity of substitution. The 
GLOBAL 2100 model (Manne and Richels, 1992) uses a capital and labor nesting against energy. This study follows the 
GLOBAL 2100 model, to develop a large scale non-linear integrated planning model.
In G-CEEP model, energy is further subdivided to electricity (EN) and non-electricity (NN) energy. Thus there are four 
inputs: capital stock (KN), labor (LN)１）, electricity and non-electricity. The two-level CES production function can be 
written as:
(1)
Where γ is a constant term. YN, KN, LN, EN and NN represent new production output, new capital, new labour, new 
electricity and new non-electricity, respectively. 0 < δ, δ1, δ2 < 1 are distribution parameters and ρ, ρ1, ρ2  -1 are 
substitution parameters.
(2) Macro-economic constraints
The macro-economic constraints are defined as follows.
• Production output and new production output:
(2)
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Figure 2: Flow chart of G-CEEP model
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• Labor forces and new labor forces:
(3)
• Electricity energy and new electricity energy:
(4)
• Non-electricity energy and new non-electricity energy:
(5)
• New capital:
(6)
• Capital and new capital:
(7)
• Two-level CES production function:
(8)
• Cost function:
(9)
• Terminal condition:
(10)
Here are the declarations of the parameters:
• t, r are t period and r region respectively and T is the last period in this model. 
•μ was defined as annual depreciate rate, the power of 5 represents 5 years per period, ω is annual growth rate.
• New capital is the annual investment I.
• YNt,r is the two-level CES production function.
• C is the consumption and EC is the energy system cost.
To ensure the rate of investment is adequate to provide for replacement and net growth of capital stock during the 
subsequent periods, a terminal constraint (10) is applied at the end of the planning horizons (Svoronos, 1985).
2.2.2. Energy balances and and technological learning
Energy balances in this model mainly consider energy system cost and energy supply and demand. Also, the 
technological learning is introduced to reflect the future cost of some new and renewable energy, such as advanced 
nuclear power (Gen III, Gen IV), wind, solar PV, etc.
(1) Energy system cost 
The energy system cost is composed of electricity energy generation cost, non-electricity energy utilization cost and 
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carbon emission cost as following:
(11)
• ECt,r: Energy system cost.
• EPt,r,e: Electricity energy price coefficient.
• PEt,r,e: Electricity supply.
• NPt,r,n: Non-electricity energy price coefficient.
• PNt,r,n: Non-electricity supply.
• CTAXt,r: Carbon emission tax.
• EMSt,r: Carbon emission.
• ET and NT are electricity energy supply technologies and non-electricity energy supply technologies, respectively.
(2) Energy supply and demand
The energy supply from the energy balance sub-model must meet the energy demand of macro-economic sub-model:
(12)
(13)
Where AEEI is the Autonomous Energy Efficiency Improvement (AEEI) factor.
(3) Technological learning
Recently, technological learning is widely used as a key factor to analyze the decreasing cost in specific new energy 
utilization technology. Although the introduction of endogenous technological learning will inevitably increase the 
computational complexity due to the non-linearity associated with the learning curve, this study tries to incorporate the 
technological learning method in order to analyze the related cost trends of specific technological options. The 
technological learning is defined as follows:
(14)
(15)
(16)
(17)
(18)
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(19)
(20)
• LBDP: Learning by doing parameters.
• LBDR: Learning by doing rate.
•  CPE, CPN: Cumulative production of learning by doing techonologies for electricity energy and non-electricity 
energy.
• LEP, LNP: Prices of learning by doing techonologies for electricity energy and non-electricity energy.
• LBDEF, LBDNF: Learning by doing floor prices for electricity energy and non-electricity energy.
• LBDE0, LBDN0: Learning by doing initial prices for electricity energy and non-electricity energy.
• l: Learning by doing techonologies.
• R: Set of regions.
2.2.3. CO2 emission
The CO2 emission is calculated based on the carbon emission factors of different energy sources. CO2 emission factors 
can also be different from region to region in accordance with sectors of energy consumption, as well as the characteristics 
of fuels. The energy relative emissions are usually defined as energy consumption volume multiplied by emission factors. 
Thus CO2 emission in specific period, region, energy and sector can be estimated according to the following equation (Mu, 
2002):
(21)
• EMSt,r,e,c: CO2 emission of specific period, region, energy and sector.
• Qt,r,e,c: Energy consumption volume of specific period, region, energy and sector.
• EMFr,e,c: CO2 emission factor of specific region, energy and sector.
2.2.4. Objective function
The objective of this model is to maximize the discounted utility. When considering the impact of emission tax on the 
energy system, it takes emission tax as a part of the energy system cost, and then figures out the level of each decision 
variable under optimized state. The objective function is defined as:
(22)
• UTIL: Discounted utility.
• C: Annual consumption.
• udr: Utility discount rate.
2.2.5. CO2 emission abatement options
To reduce CO2 emissions, there are all kinds of abatement options. The contributions of different abatement options to 
CO2 emissions are divided into four terms here, as shown in equation (23) (Akimoto et al., 2004):
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• CCS,
• fuel switching among fossil fuels,
•  fuel switching to non-fossil fuels and the contribution of the shift to non-fossil fuels is decomposed into that of each 
of the non-fossil fuels,
• energy saving.
(23)
Where EMS is the carbon emissions and CCS is the carbon emissions sequestered by CCS. Superscript n and g mean net 
emissions and gross emissions, respectively, and superscript f denotes fossil fuel consumptions. PRM is the primary energy 
consumption. Subscript ref means reference scenario, and subscript tar means the other scenarios except the reference 
scenarios.
3．Results and Discussion
3.1. Definition of scenarios
To assess the impact of reducing dependence on nuclear power, in addition to the reference scenario (REF), this study 
introduces different types of scenarios, due to different degrees of impact by the Fukushima Dai-ichi nuclear power plant 
accident and different energy consumption backgrounds. For Japan, since the CO2 emission reduction targets in 2020 
proposed before Fukushima Dai-ichi nuclear power plant accident seem difficult to achieve, this study introduces the 
following nuclear use and CO2 emission reduction scenarios in 2030 (Table 1) which are currently discussed by the Agency 
for Natural Resources and Energy of Japan. The A scenario is a variable scenario that determined by the market and it is 
not considered in this study.
Table 1: Scenarios definition of Japan in 2030
Scenarios Nuclear Renewable Thermal Cogeneration CO2 reductions under 1990 level
B 0% 35% 50% 15% 16%
C 20% 30% 35% 15% 23%
D 25% 25% 35% 15% 23%
E 35% 25% 25% 15% 28%
3.2. Simulation results
The reference scenario is an estimation of the business-as-usual trend. For every other scenario, a marginal abatement 
cost coefficient is introduced to make the energy system realize CO2 emission reductions. The marginal abatement cost 
coefficient is calibrated from zero and increased gradually until the energy system achieves a certain CO2 emission 
reduction level under given nuclear use level. Accordingly, all scenarios are generated.
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3.2.1　Primary energy consumption projection
The primary energy consumption projection of Japan in 2030 is shown in figure 3. Firstly, the energy use efficiency, 
indicated as energy saving in this study, results mainly from limited nuclear use and CO2 emission abatement measures in 
Japan. With nuclear limited, the energy saving seems significant in energy consumption sectors, varying from 17.1% to 
23.2% in different nuclear limited scenarios. Secondly, the renewable energy, especially for wind, solar PV and biomass, are 
needed to increase to compensate the slashed nuclear energy, and meanwhile, to reduce CO2 emissions to specific levels. 
In B scenario, the proportion of wind power in total primary energy consumption rises to about 3.1%. Solar PV accounts 
for 2.9% and biomass accounts for 6.1% in total primary energy consumption. As to C scenario, the wind power increases 
to 2.1% and solar PV also goes up to 2.0% in total primary energy consumption. The renewable energy (hydro power 
included) accounts for 35% and 30% in total electricity generation in B and C scenarios, and 25% in both D and E scenario. 
It means that Japan needs to make greater efforts to increase renewable energy so as to achieve CO2 emission reduction 
target, especially if the nuclear power plants are all shut down as B scenario in 2030.
3.2.2　CO2 emission abatement options
To discuss the CO2 emission reductions, it is better to identify the contributions of different abatement options. Based 
on equation (23), figure 4 gives CO2 emission abatement by different options of Japan in 2030. Energy saving contributes 
up to 73.6% of total CO2 emission reductions in B scenario. For one thing it is easier to achieve the relative lower reduction 
rate; for another the limit of nuclear energy requires more energy saving in the energy consumption, as a result the CO2 
emissions are also reduced. In this scenario, the CCS accounts for 28.5% of total CO2 emission reductions due to absent 
nuclear power. Energy saving also provides 60.3% and 51.0% of total CO2 emission reductions, respectively, in C and D 
scenario. In contrast, energy saving in E scenario with almost no limits on nuclear use accounts for 43.5% of total CO2 
emission reduction, and the contributions of nuclear and renewable energy are approximately 25.9% and 25.3%, 
respectively.
Figure 3: Primary energy consumption scenarios of Japan (2030)
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3.2.3　Marginal abatement cost and GDP loss
The marginal abatement cost and GDP loss for each nuclear limited scenario are shown in figure 5. The marginal 
abatement costs of all these scenarios seem in similar levels since they are possible scenarios of Japan's energy future and 
should not different from each other significantly. For the GDP losses, there are similar trends in the nuclear limited 
scenarios as the marginal abatement costs. In E scenario, the GDP loss comparing to the reference scenario will be -1.48%, 
while this will reach -1.73% under B scenario.
4．Conclusions
After Fukushima Dai-ichi nuclear power plant accident on Mar. 11 2011, nuclear power is confronted with an unclear 
future. In view of this, this study assesses several nuclear limited and CO2 emission reduction scenarios for Japan based on 
a large scale non-linear integrated planning model, the G-CEEP model. The primary energy consumption, CO2 emission 
Figure 4: CO2 emission abatement by options of Japan (2030)
Figure 5: Marginal abatement costs and GDP losses of Japan (2030)
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reductions by different options, marginal abatement cost and GDP loss for each scenario are presented. In the light of the 
results and discussion, there are the following findings in this study:
(1)  There are three key options to reduce dependence on nuclear power for Japan, as well as to reduce CO2 emissions 
by 2030: improving energy use efficiency, increasing renewable energy and introduction of CCS. Energy saving contributes 
the biggest share in total CO2 emission reductions, regardless of different nuclear use levels and different CO2 emission 
reduction levels. The renewable energy and CCS also play important roles in the nuclear limited scenarios and it means 
that Japan needs to increase renewable energy and introduce CCS when nuclear power is limited or reduced in near 
future.
(2)  The marginal abatement costs and the GDP losses become larger as there are more restrictions on nuclear use and 
more CO2 emission reductions in Japan. It is relative difficult for Japan to achieve B scenario with zero nuclear and 16% 
CO2 emission reduction, and in this case, the marginal abatement cost will reach 240 USD/tC and it will cause up to -1.73% 
GDP losses from the reference scenario.
In brief, energy savings contribute most of the CO2 emissions reductions no matter the nuclear power is limited or not. 
Japan is already one of the most energy-efficient countries in the world, but it also needs to make greater efforts in 
improving energy use efficiency considering the direct impact of Fukushima Dai-ichi nuclear power plant accident. To 
reduce dependence on nuclear power, the renewable energy and CCS also play important roles in Japan’s energy future. It 
is not suggested to remove all the nuclear power in near future for Japan due to the relative large impact on Japan’s 
economy. Certainly, there are still some other considerable problems in the use of nuclear energy such as energy security, 
geographical conditions and risk prevention. It is hasty to say yes or no to the nuclear power, at least for now, until it gets a 
more comprehensive assessment.
Note
１） This study uses population as labor input, for details see Su et al. (2012a).
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